Abstract We present a high-resolution (ca. 50 years) biomarker-based reconstruction of seasonal sea ice conditions for the West Svalbard continental margin covering the last ca. 2k years. Our reconstruction is based on the distributions of sea ice algal (IP 25 ) and phytoplankton (brassicasterol and HBI III) lipids in marine sediment core MSM5/5-712-1 retrieved in 2007. The individual and combined (PIP 25 ) temporal profiles, together with estimates of spring sea ice concentration [SpSIC (%)] based on a recent calibration, suggest that sea ice conditions during the interval ca. 50-1700 AD may not have been as variable as described in previous reconstructions, with SpSIC generally in the range ca. 35-45 %. A slight enhancement in SpSIC (ca. 50 %) was identified at ca. 1600 AD, contemporaneous with the Little Ice Age, before declining steadily over the subsequent ca. 400 years to near-modern values (ca. 25 %). In contrast to these spring conditions, our data suggest that surface waters during summer months were ice free for the entire record. The decline in SpSIC in recent centuries is consistent with the known retreat of the winter ice margin from documentary sea ice records. This decrease in sea ice is possibly attributed to enhanced inflow of warm water delivered by the North Atlantic Current and/ or increasing air temperatures, as shown in previous marine and terrestrial records. Comparison of our biomarker-based sea ice reconstruction with one obtained previously based on dinocyst distributions in a core from a similar location reveals partial agreement in the early-mid part of the records (ca. 50-1700 AD), but a notable divergence in the most recent ca. 300 years. We hypothesise that this divergence likely reflects the individual signatures of each proxy method, especially as the biomarker-based SpSIC estimates during this interval (\25 %) are much lower than the threshold level ([50 % sea ice cover) used for the dinocyst approach. Alternatively, divergence between outcomes may indicate seasonality shifts in sea ice conditions, such that a combined biomarker-dinocyst approach in future studies might provide further insights into this important parameter.
Introduction
Sea ice and the study region Sea ice is a critical component of the global climate system, influencing heat, gas and moisture exchange between the oceans and the atmosphere [46] , and further contributing to circulation patterns through brine rejection and freshwater release during ice formation and melt, respectively (e.g. [21] and references therein). The observed rapid decline in Arctic sea ice extent and thickness (e.g. [45] has prompted a need to better resolve temporal changes to sea ice in the past, in order that the recent trends can be placed into a better context, and to provide key datasets for improving models of past and future change (e.g. [25, 29] ). From a regional perspective, Fram Strait represents a pivotal study location for investigating past changes to sea ice, since it represents the major oceanographic gateway between the Arctic and North Atlantic oceans (Fig. 1a) . The two main currents that characterise the region are the & Simon T. Belt sbelt@plymouth.ac.uk
North Atlantic Current (NAC) and the East Greenland Current (EGC) (Fig. 1a) . Northerly flowing warm Atlantic Water is delivered to the Arctic by the NAC via a principal trajectory along the West Svalbard continental margin, which normally renders eastern Fram Strait relatively free of sea ice, even in winter. In contrast, western Fram Strait is characterised by cold, ice-laden waters as a result of sea ice export from the Arctic Ocean via the EGC. Arctic Other cores mentioned in this paper (black dots) are: MSM5/5-723-2 (723-2, [35] ), MSM5/5-712-2 (712-2, [35] ), JM09-KA11-GC (11, [6] ) and NP05-11-70GC (70, [6] ). The core site described in Bonnet et al. [12] is at the same location as core 712-1. html; data based on [22] Water also flows along the east coast of Svalbard to the south and west of Spitsbergen, delivering sea ice via the East Spitsbergen Current (ESC) [26, 31] . The magnitude of heat delivery by the NAC plays a critical role in determining the precise sea ice conditions in eastern Fram Strait. For example, increased Atlantic Water inflow during the last ca. 120 years [42] has been associated with a general trend of reduced sea ice cover in the Arctic and, more locally, a northerly retreat of the winter ice margin (Fig. 1b, [22] ). A further impact of the NAC on sea ice conditions in the region, more generally, is that seasonal shifts in the position of the winter and summer ice margins are significantly less pronounced than for the central and eastern Barents Sea, which are dominated by low temperature and salinity Arctic Water [26] . The latter regions also experience seasonal ice cover from autumn to spring, before retreating, rapidly, during late spring/summer. As such, the region as a whole experiences contrasting seasonal sea ice cover [47] , which is influenced, in part, by the strength of the NAC [26] . Motivated, in part, by the sensitivity of oceanographic and atmospheric conditions in Fram Strait towards climatic change, a number of proxy-based studies have been carried out in recent years that have provided new insights into the centennial-and millennial-scale paleoceanographic evolution along the West Svalbard continental margin (e.g. [12] ; 28; [33, 35, 42, 48] ). These investigations have benefited from the recovery of high accumulation rate (and well-dated) marine sediments, which have enabled the application of an array of biological and mineralogical proxies for the determination of atmospheric and oceanic temperatures, salinity, and sea ice cover [12, 33, 35, 38, 42, 49] .
Our objective in the current study is to add to the existing suite of previous paleoceanographic investigations for West Svalbard, by presenting a high-resolution (ca. 50 years) biomarker-based reconstruction of sea ice conditions spanning the last ca. 2k years. In particular, we build on recent developments in biomarker-based approaches to sea ice reconstruction by providing both descriptive and semi-quantitative estimates of spring sea ice concentration [SpSIC (%)]. Biomarker-based sea ice reconstructions for the West Svalbard margin have been performed previously through analysis of sediments from the same or similar locations, although these focused mainly on longer timeframes (e.g. Holocene and post-LGM; [33, 35] ) and did not provide information for recent centuries. In addition, semi-quantitative estimates of SpSIC were only tentative [35] . A dinocyst-based record of mean annual sea ice duration (months/year) for the last 2k years for West Svalbard has previously been presented by Bonnet et al. [12] , however, and we make comparisons between this and our biomarker-based record as part of the current study.
Background to biomarker proxy method
In recent years, the organic geochemical marker IP 25 (Ice Proxy with 25 carbon atoms; [7] ) has emerged as a particularly suitable proxy method for carrying our Arctic sea ice reconstructions, and in the determination of past seasonal sea ice cover, in particular (e.g. [8-10, 16, 43] ). IP 25 is a mono-unsaturated highly branched isoprenoid (HBI) lipid produced by certain Arctic sea ice diatoms [15] , and is found commonly in Arctic and sub-Arctic marine sediments underlying seasonal sea ice cover [34, 36, 44, 50, 51] . Identification of IP 25 in the geological record (Arctic marine sediments), therefore, provides a convincing case for the past occurrence of seasonal sea ice, while variability in IP 25 content is generally associated with corresponding fluctuations in seasonal sea ice extent (e.g. [8] ). The absence of IP 25 in Arctic and sub-Arctic settings is less straightforward to interpret, although either of permanent ice cover or ice-free conditions have been suggested as potential settings (e.g. [8, 43, 50] ). In any case, the co-measurement of certain phytoplankton biomarkers (including sterols such as brassicasterol) can provide additional information about low-ice or open-water conditions. In addition, combining IP 25 and phytoplankton marker concentrations in the form of the socalled PIP 25 index [34] has the potential to provide even more detailed or semi-quantitative estimates of sea ice conditions than from the individual biomarkers alone. The use of brassicasterol as a phytoplankton biomarker when calculating PIP 25 indices is not without problems, however, since it may also be derived from non-marine sources, and its (generally) much higher sedimentary abundance necessitates the use of a balance factor in the PIP 25 calculation (see Sect. ''Biomarker analyses''), which can cause problems of consistency, in particular (see [6, 8] for further details). Since these limitations may not be relevant in all cases, the adoption of a further phytoplankton marker, possessing a more selective source and which has sedimentary concentrations closer to those of IP 25 , might represent a suitable complementary approach, at least. Indeed, Belt et al. [6] recently demonstrated that a further tri-unsaturated HBI lipid (C 25:3 or HBI III) derived from certain diatoms may be a more suitable phytoplankton marker for use within the PIP 25 index, following analysis of lipid distributions in surface sediments from the Barents Sea experiencing variable seasonal sea ice cover. Smik et al. [41] subsequently showed that PIP 25 indices based on IP 25 and HBI III (i.e. P III IP 25 ) exhibit a strong linear correlation to SpSIC in the Barents Sea, thus providing a potential means of reconstructing semi-quantitative SpSIC (%) estimates for this region, at least. In the current study, we therefore measured concentrations of IP 25 , brassicasterol and HBI III in a 14 C-dated sediment core (MSM5/5-712-1) retrieved from the West Svalbard margin in 2007 and used P III IP 25 indices together with the recent calibration of Smik et al. [41] to obtain estimates of SpSIC (%) for the last 2k years.
Materials and methods

Field methods and chronology
Core MSM5/5-712-1 was recovered from the West Svalbard continental margin (78854.94N, 6846.04E, water depth 1490.5 m, core length 46 cm; Fig. 1a ) during cruise leg MSM5/5 on board the R/V Maria S. Merian in the summer of 2007. The age model is based on five 14 C accelerator mass spectrometry (AMS) radiocarbon dates presented and described previously [42] .
Biomarker analyses
In total, 43 downcore sediment samples were analysed for the biomarkers IP 25 , HBI III and brassicasterol. Sampling and analyses were carried out at 1 cm intervals representing the last ca. 2k years, with a resolution of ca. 50 years. Biomarker analyses (HBI and sterol lipids) were performed using methods described previously [4, 6] . Briefly, two internal standards were added to each freeze-dried sediment sample to permit quantification of lipid biomarkers. 9-octylheptadec-8-ene (9-OHD, 10 lL; 10 lg mL -1 ) was added for quantification of HBI lipids (IP 25 and HBI III), while 5a-androstan-3b-ol (10 lL; 10 lg mL -1 ) was added for quantification of brassicasterol. Samples were then extracted using dichloromethane/methanol (3 9 3 mL; 2:1 v/v) and ultrasonication. Following removal of the solvent from the combined extracts using nitrogen, the resulting total organic extracts (TOE) were purified using column chromatography (silica), with HBIs (hexane; 6 mL) and brassicasterol (20:80 methylacetate/hexane; 6 mL) collected as two fractions. Analysis of individual fractions was carried out using gas chromatography-mass spectrometry (GC-MS) and operating conditions were as described previously (e.g. [4, 13] ). Brassicasterol was derivatized (BSTFA; 50 lL; 70°C; 1 h) prior to analysis by GC-MS. Mass spectrometric analyses were carried out either in total ion current (TIC) or single ion monitoring (SIM) mode. The identification of IP 25 [7] and HBI III [3] was based on their characteristic GC retention indices and mass spectra. Quantification of lipids was achieved by comparison of mass spectral responses of selected ions (SIM mode, IP 25 , m/z 350; HBI III, m/z 346; brassicasterol, m/z 470) with those of the internal standards (9-OHD, m/z 350; 5a-androstan-3b-ol, m/z 333) and normalised according to their respective response factors and sediment masses [4] . Analytical reproducibility was monitored using a standard sediment with known abundances of biomarkers for every 20 sediment samples extracted (analytical error 6 %, n = 2). PIP 25 values were calculated using Eq. 1 according to the method of Müller et al. [34] . Similarly, the c factor used in the PIP 25 calculation was obtained from the ratio of the mean concentrations of IP 25 and each phytoplankton biomarker (i.e. brassicasterol and HBI III; Eq. 2). Estimates of SpSIC (%) were calculated using the P III IP 25 data and the recent calibration of Smik et al. [41] (Eq. 3). Although the study site is located somewhat beyond the main boundary of the region investigated by Smik et al. [41] , we believe that our estimates of SpSIC (and the temporal changes to these) based on this calibration are, nonetheless, realistic, including reasonably good agreement between values from the core-top and known SpSIC obtained from satellite records (see ''Discussion'' for further details). A summary of all data can be found in Table 1 .
Results IP 25 , HBI III and brassicasterol were present in all sedimentary horizons throughout the record although some variability in concentrations was observed for all three biomarkers. Thus, concentrations of IP 25 , HBI III and brassicasterol were in the ranges 1.6-3.4, 2.2-4.7 and 340-590 ng g -1 , respectively ( Fig. 2a-c ) and all three biomarkers showed a general in-phase fluctuation from ca. 50 to 1750 AD. An increase in IP 25 , HBI III and brassicasterol concentrations was observed from ca. 5 to 400 AD, followed by a decline in all three biomarkers from ca. 400 to 700 AD and an interval of relatively low biomarker concentrations between ca. 700 and 800 AD (Fig. 2a-c) . After ca. 800 AD, all biomarkers increased in concentration until ca. 1350 AD, before declining again up to ca. 1750 AD. However, a small lag in the decline of IP 25 values was observed when compared to those of HBI III and brassicasterol (Fig. 2a-c) . In contrast, IP 25 concentrations remained generally low after ca. 1750 AD, whereas HBI III and brassicasterol concentrations increased towards the present. In addition, P III IP 25 values and estimates of SpSIC (%) values remained reasonably consistent (ca. 0.45-0.57 and 35-45 %, respectively) (Fig. 2d, e) between ca. 50 and 1400 AD. After ca. 1400 AD, P III IP 25 and SpSIC values increased to ca. 0.6 and 50 %, respectively, especially between ca. 1500 and 1600 AD, before steadily decreasing towards modern times (Fig. 2d, e) , where they both reached their lowest values in the entire record. (Fig. 3d ) implies that such variability in sea ice for the West Svalbard margin in recent millennia may have been less extreme than predicted from other proxy records (e.g. [49] ), and certainly less than the broad range of sea ice extent for the site throughout the [41] ; e dinocyst-based sea ice cover (months/year) derived from a further core at the same location as MSM5/5-712-1 [12] ; f SST and sSST (°C) derived from alkenones [38] and planktic foraminifera [42] , respectively; g IRD in the 150-250 lm fraction [49] ; h fluxes of polar and subpolar planktic foraminifers (100-250 lm fraction) [42, 49] Holocene deduced from a previous study [35] . For the majority of the early-mid part of the record (ca. 50-1400 AD), estimates of SpSIC are reasonably constant (ca. 35-45 %), before an increase to ca. 50 % during the period ca. 1500-1600 AD, contemporaneous with the Little Ice Age (Fig. 3d) . Following this increase, SpSIC shows a steady reverse trend after ca. 1660 AD, which extends to the modern era. Interestingly, this declining trend reflects the general reduction in sea ice and a northward retreat of the maximum winter sea ice extent described in documentary records over the last ca. 150 years [22] , while our SpSIC estimates for the top of the core (ca. 25 %) are only slightly higher than the mean SpSIC derived from satellite records for this region of Fram Strait over the last ca. 30 years (10-15 %; NSIDC). Since this interval also corresponds to the upper few centimetres of the core, this slight overestimate in SpSIC might be a consequence of bioturbation in the upper sections, with partial incorporation of older material with higher IP 25 . Given that P III IP 25 indices are all well below the lower limit threshold (0.8) suggested recently to be indicative of summer sea ice occurrence [41] , we also conclude that summer surface waters remained ice free during the entire record. Further, our data suggest that, since ca. 1900 AD, SpSIC along the West Svalbard margin has diminished to its lowest values in the last 2k years, consistent with a coeval and markedly enhanced inflow of warm Atlantic Water to the Arctic Ocean [42] and rising air temperatures derived from marine [38] and terrestrial (e.g. [18] ) records.
Comparisons with other proxy data
The availability of an array of other proxy data for the MSM5/5-712-1 core and related locations enables us to place our new sea ice reconstruction into further context and provide an updated picture of the oceanographic conditions for the West Svalbard margin over the last 2k years. Although some consistency between different proxy datasets and alignment with well-known climate epochs (e.g. the Little Ice Age) exists, this is not always the case (e.g. [2, 27, 49] ). As such, we categorise the temporal paleoceanographic evolution for the last 2k years into two main intervals, with reference to certain named epochs, where useful.
Early-mid part of the record (ca. 50-1750 AD)
In the earliest part of the record (ca. 50-700 AD), the increase in IP 25 , brassicasterol and HBI III concentrations towards ca. 400 AD (Fig. 3a, b) suggests a transition from unfavourable conditions for all three biomarkers to one that has a positive influence over the production of both sea ice algae and phytoplankton (viz. ice edge or marginal ice zone (MIZ) conditions). On the basis of enhanced (but variable) planktic foraminiferal fluxes (Fig. 3h) , Werner et al. [49] suggested that this transitional phase represented a general amelioration of conditions from heavy sea ice cover (ca. 120 BC-1 AD) to one with a fluctuating summer ice margin, and our individual biomarker data appear consistent with this interpretation. Further, surface and sub-surface temperatures [38, 42] increase during this phase (Fig. 3f) , which are also indicative of a general reduction in sea ice. In contrast, a decline in all three biomarkers from ca. 400 to 700 AD is accompanied by a slight cooling trend in the alkenone-derived SST record (Fig. 3f) , possibly reflecting a return to increased overall sea ice cover. Indeed, between ca. 700 and 800 AD, generally reduced biomarker content coincides with relatively low foraminifera fluxes (Fig. 3h ), yet high proportions of polar species (i.e. N. pachyderma; [49] ). Previously, the latter was interpreted as indicating extended sea ice cover, despite there also being evidence for sub-surface advection of Atlantic Water during the same interval [49] . After ca. 800 AD, the increase in all three biomarkers until ca. 1350 AD (Fig. 3a, b) suggests a further return to less severe, MIZ conditions, an interpretation supported by a generally warmer surface layer (Fig. 3f ) and increases to sub-polar planktic foraminifera (Fig. 3h) [49] . However, Werner et al. [49] interpreted the distributions and isotopic composition of planktic foraminifera, together with relatively low IRD from ca. 900 to 1350 AD, as indicative of ice-free conditions, yet our biomarker data suggest seasonal ice cover, even if some estimates of SpSIC from ca. 1100 to 1400 AD are slightly lower (ca. 35 %) than the immediately preceding and subsequent intervals (Fig. 3d) . In fact, despite the aforementioned reversible transitions between (apparently) extended sea ice cover and MIZ conditions between ca. 50 and 1300 AD, our estimates of SpSIC remain remarkably consistent (ca. 40 %; Fig. 3d ) throughout this interval, indicating that factors other than SpSIC are likely to have had influences over biomarker distributions. Although such factors are currently unidentified, it is interesting, for example, that the alternating trend in biomarker concentrations seen between ca. 50 and 1350 AD is broadly reflected by the alkenone-derived SST record (Fig. 3f) , while the seasonal sea ice dynamics may also exert significant control (see later).
The decline in all three biomarkers after ca. 1350 AD indicates a possible further return to enhanced sea ice cover and likely marks the transition into the LIA seen in numerous other North Atlantic marine records (e.g. [2, 11, 23] ; 39). However, the decline in IP 25 exhibits a slight lag compared to the phytoplankton markers (Fig. 3a,  b) suggesting that the transition in sea ice conditions may have been somewhat different to those described previously. This lag in decreasing IP 25 concentration is also apparent in the PIP 25 data, with maximum values around 1600 AD, reflecting a positive deviation in SpSIC to ca. 50 %, before declining to more typical values (ca. 40 %) after a further ca. 100 years (Fig. 3d) . In addition, this relatively brief interval of enhanced SpSIC is accompanied by lower SST (alkenone) and sSST (planktic foraminifera) (Fig. 3f) . After ca. 1600 AD, a decline in the concentration of all three biomarkers possibly suggests a return to enhanced sea ice cover, despite a reduction in the SpSIC and a slight increase in both SST and sSST (Fig. 3f) .
A clear feature of the temporal fluctuations in individual biomarker concentrations from ca. 0 to 1750 AD is their in-phase temporal coherence (Fig. 3a, b) , demonstrating that changes to sea ice conditions impacted somewhat equally (directionally) for both IP 25 and phytoplankton markers. In some previous IP 25 -based sea ice reconstructions, e.g. [6, 16, 24, 32] , often opposing trends in IP 25 and phytoplankton biomarker profiles have been observed, and interpreted in terms of transitions between intervals of increased sea ice cover (high IP 25 , low phytoplankton marker) and reduced ice extent (low IP 25 , high phytoplankton marker). However, consistent with the current data from the West Svalbard margin, Müller et al. [35] previously reported in-phase changes in IP 25 and phytoplankton marker concentrations in a Holocene record from the same site and interpreted such a scenario as indicative of a rapidly fluctuating ice margin. Further, Collins et al. [17] arrived at a similar conclusion for glacial sea ice conditions in the Southern Ocean, adding that in-phase biomarker trends may also be indicative of low sea ice seasonality. For the current study, such an interpretation may, therefore, represent a preferred alternative to one of the more extreme exchanges between extended sea ice cover versus MIZ conditions, as described earlier here, and previously [49] , especially since IP 25 and the phytoplankton markers are all present throughout the record. In addition, our estimates of SpSIC (ca. 35-45 %) (Fig. 3d) and previous determinations of sea ice duration (ca. 2-6 months/year) (Fig. 3e) based on dinocysts in a core from the same site [12] both indicate seasonal, rather than extended, ice cover. In-phase trends within individual biomarker profiles generally have the impact of reducing variability in PIP 25 (and SpSIC) that may, potentially, lead to an underestimation of the changes in sea ice conditions implied from IP 25 alone. However, for the MSM5/5-712-1 core, changes in IP 25 concentration are also relatively small, especially when compared to those seen in longer Holocene records from the same and nearby sites (MSM5/5-712-2 and MSM5/5-723-2; [35] ), both of which exhibit similar IP 25 profiles to our data for the overlapping period (Fig. 3a) . Thus, IP 25 concentration changes by an order of magnitude from the early to late Holocene in the MSM5/5-712-2 record [35] , while values covering the last ca. 2k years in all three cores only vary by a factor of two, at most (Fig. 3a) . Of course, a fluctuating ice margin has much closer parallels with the modern sea ice cycle for the region, with a significantly smaller change in the position of the winter and summer ice margins than, for example, the neighbouring Barents Sea (Fig. 1a) . Interestingly, peak total foraminifera fluxes (Fig. 3h) , previously interpreted as representing ice edge settings by comparison with modern datasets [49] , also broadly coincide with increased biomarker concentrations, consistent with a strong biological coupling between the surface and sub-surface environments.
The last 250 years (since ca. 1750 AD)
According to our biomarker data, conditions after ca. 1750 AD did not parallel the early-mid part of the record, with generally low IP 25 concentrations accompanied by increasing phytoplankton marker abundances, especially after ca. 1800 AD. Such changes are particularly apparent through declining PIP 25 values and SpSIC, but it is also evident that surface (alkenone) and sub-surface (planktic foraminifera) temperatures diverge during this latter part of the LIA, with a clear cooling trend observed for the former (Fig. 3f) . The occurrence of generally opposing trends between IP 25 and HBI III (and brassicasterol) since ca. 1750 AD contrasts the earlier part of the record and previous longer-term Holocene sea ice records from the region [35] . However, this divergence in IP 25 and phytoplankton biomarkers is reminiscent of the distributions of IP 25 and HBI III in surface sediments and downcore records (e.g. core sites 11 and 70; Fig. 1a ) from the Barents Sea, with low IP 25 and high HBI III, in particular, associated with ice edge retreat within the MIZ during spring [6] . We suggest, therefore, that from ca. 1750 AD to modern, surface conditions at the West Svalbard margin transcended from higher seasonal sea ice cover (i.e. ca. 40 % SpSIC), to a winter ice edge scenario with reduced SpSIC (ca. 25 % or less).
Our observation of declining SpSIC since ca. 1600 AD is also consistent with the suggestion by Rueda et al. [38] that reduced surface temperatures and increasing air and sub-surface temperatures, especially in the last ca. 500 years, may have coincided with a trend of increasing sea ice melt and, thus, SpSIC. Increased air temperatures have also been reconstructed for neighbouring (terrestrial) West Spitsbergen, with concomitant glacial advance attributed to enhanced precipitation [18] that we suggest may also have been associated with reduced sea ice cover. Alternatively, lower SSTs in the recent record may reflect an earlier seasonal bloom due to lower sea ice conditions as suggested previously to explain apparent anomalies in SSTs for the North Icelandic Shelf and coastal settings around Newfoundland in the Labrador Sea [39, 40] . In any case, the apparently increased de-coupling between the surface and sub-surface temperature records since ca. 1750 AD likely reflects a period of most significant change in sea ice conditions, with cooler and fresher surface waters resulting from melting sea ice, possibly as a result of warmer air temperatures as suggested by Rueda et al. [38] . It is also noted that IRD content reached its highest values after ca. 1750 AD (Fig. 3g) , a further indicator of increasing sea ice melt, although an additional contribution to the IRD budget from icebergs derived from Svalbard glaciers cannot be discounted, e.g. [1, 49] .
Biomarker versus dinocyst approaches to sea ice reconstruction
As a final discussion point, we compare our biomarkerbased sea ice reconstruction with one based on dinocysts in a further core obtained from the same site ( Fig. 3e ; [12] ). Inspection of the temporal profile for dinocystbased sea ice duration ( Fig. 3e) with those of biomarkers (individual or PIP 25 ; Fig. 3a-c) or SpSIC (Fig. 3d) reveals no clear or consistent agreement, even factoring in potential age-control offsets between the two cores. Although some parallels might exist in the early-mid parts of the dinocyst and SpSIC records (ca. 50-1400 AD; Fig. 3d, e) , this is not the case for the later profiles, and after ca. 1600 AD, in particular, with reconstructions exhibiting generally opposing trends. In the most recent parts of the records, for example, our estimates of lowest SpSIC align with the northerly retreat of the winter sea ice margin over the last ca. 150 years ( Fig. 1b; [22] ), yet apparently contradict an enhancement in sea ice duration in the dinocyst record (Fig. 3e) . Further, the reconstruction of Bonnet et al. [12] implies ice-free conditions ca. 550-700 AD, while our data suggest SpSIC of ca. 40 % for the same interval. Inconsistencies in proxy records are not uncommon, however, and a number of discrepancies have already been reported and discussed for surface temperature and salinity reconstructions based on foraminifera and dinocysts in different cores from the study location [12, 49] . Such differences are not necessarily straightforward to resolve, but may potentially arise from influences associated with seasonally dependent proxy responses, changes to water column sub-structure, variable depth habitat of native flora and fauna, or appropriateness of transfer functions, which may exhibit a strong regional dependence. Inconsistencies between biomarkerand dinocyst-based sea ice reconstructions have been reported previously and loosely attributed to the possible different signatures that each proxy represents (e.g. [8, 19, 30, 37] ). Outcomes from the current study might help further direct this debate. For example, the dinocystbased method yields semi-quantitative estimates of sea ice duration in months of sea ice (with [50 % cover)/year [20] , while the corresponding reconstructions based on IP 25 are intrinsically associated with spring sea ice conditions [5, 14] and, more quantitatively, seasonal (spring) sea ice concentration, as described here and previously [6, 34, 36, 41, 50] . For the current study, we also note that SpSIC is almost exclusively below the threshold level for dinocyst-based methods ([50 % sea ice cover) in any case, so differences between outcomes are not entirely unexpected. It is also feasible that while there might be some scenarios for which sea ice duration and SpSIC are reasonably in-phase, divergence in their respective proxy records may reflect an effective de-coupling between them, especially during intervals of amplified seasonality. For example, for the West Svalbard margin, we speculate that increasing sea ice duration, yet declining SpSIC, seen in the last ca. 300 years, may have arisen due to larger seasonal shifts between generally colder winters and warmer summer temperatures that would have particularly impacted on spring ice melt. Consistent with this suggestion, increasing air temperatures from marine [38] and terrestrial [18] records for the region since ca. 1600 AD coincide with the reduction in SpSIC shown here. The combination of new biomarker-based approaches for estimating SpSIC with complementary methods of determining sea ice duration may, therefore, offer additional insights into seasonal shifts in sea ice occurrence that are not necessarily available from either individual proxy. Such approaches would clearly benefit from further dinocyst and biomarker investigations on the same sediments.
Conclusions
Our biomarker-based reconstruction of sea ice conditions for the West Svalbard continental margin covering the last ca. 2k years suggests that changes to sea ice conditions during this interval may not have been as extreme as reported in previous proxy-based studies, especially for the interval ca. 50-1700 AD, with SpSIC generally ca. 40 % throughout. An increase in SpSIC to ca. 50 % was observed at ca. 1600 AD, however, which we attribute to slightly enhanced sea ice cover during the LIA. SpSIC returned to more typical values at ca. 1750 AD, before declining further towards modern values (ca. 25 %), consistent with observational records of a northerly retreat of the winter sea ice limit in the last ca. 150 years [22] . The general in-phase behaviour of the sea ice algal and phytoplankton markers observed for the majority of the record (ca. 50-1750 AD) is indicative of a fluctuating ice margin and relatively low sea ice seasonality. In contrast, a divergence in trends of the same biomarkers since ca. 1750 AD is interpreted in terms of an amplified seasonal sea ice cycle and a rapid ice edge retreat within the MIZ during the spring, thus providing a model for the sea ice conditions for the West Svalbard margin in recent centuries. Such a contrast in the relative temporal trends of sea ice and pelagic biomarkers has been observed in related sea ice reconstructions (e.g. [6, 32] ) and may prove to be an additionally useful tool when deducing or refining paleo sea ice conditions. Improvements to such paleo sea ice descriptions, and temporal changes to these, will also help in the further refinement of other proxy-based inferences of surface environments, in particular, and may potentially help clarify (or resolve) reconstructions of broader water column features for sea ice covered settings.
